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The identification and quantification of effective source rocks are critical for hydrocarbon exploration, but
traditional methods have limitations in lacustrine basins due to their complexity and heterogeneity. For example,
geochemical analysis is constrained by the number and distribution of samples, well logging methods can only
reflect local information, and seismic inversion methods are limited by the quality and resolution of data. We
propose a geological modeling approach that combines geophysical techniques and geological and geochemical
data to delineate effective source rocks and quantify hydrocarbon resource potential. The workflow includes
mudstone classification, geochemical data analysis, building predictive models, constructing 3D geological
models, filtering effective source rocks, and basin simulation. Taking the Fushan Depression, South China Sea, as
an example, we estimate the total volume of effective oil source rocks at 323.48 km® and effective gas source
rocks at 67.43 km®, and identify favorable areas for conventional and unconventional hydrocarbon exploration.
The results demonstrate that our proposed approach enables precise delineation of the spatial distribution of
effective hydrocarbon source rocks and quantification of their potential for hydrocarbon generation and
expulsion. Our study constitutes a reference case for assessing effective source rocks in other lacustrine basins

due to the successful integration of multiple available of data and its practical applications.

1. Introduction

Effective source rock refers to rock that contains a significant amount
of organic matter and expels hydrocarbons during geological evolution
(Hunt, 1979; Tissot and Welte, 1984; Pang et al., 2005). These active
source rocks are a crucial factor in the occurrence of hydrocarbon
accumulation (Magoon, 2004). Thus, accurately determining their
spatial distribution and quantity is critical for locating hydrocarbon
exploration objectives. Conventional source rock investigation mainly
involves outcrop observation, microscopic observation, numerous
geochemical experiments, and statistical analysis to assess the hydro-
carbon generation potential, paleoenvironment, and distribution range
of effective source rocks (Peters, 1986; Hunt, 1996; Sheikh et al., 2016;
Zheng et al., 2019; Mansour et al., 2023; Hakimi et al., 2023). The most
commonly used techniques for calculating geochemical characteristic
isoline values are the weighted average method and the interpolation
method (Peters et al., 2006; Zhu et al., 2021). However, the limited
quantity and distribution of available samples restrict the precision of

these studies, making conventional methods insufficient for directly
guiding oil and gas exploration particularly in regions with moderate to
low exploration levels. While continuous logging curves have been used
to estimate the total organic carbon (TOC), volatile hydrocarbon (S;),
and remaining hydrocarbon generation potential (Sp) in individual
wells, this approach only provides local information, and the regional
and spatial heterogeneity of effective source rock remains difficult to
depict. (Schmoker, 1979; Fertl and Chilingar, 1988; Passey et al., 1990;
Mahmoud et al., 2017; Wang et al., 2019). Although some geophysicists
have attempted to identify effective source rocks on seismic data by
delineating characteristic acoustic parameters and related seismic
response of organic-rich mudstones, this method is limited by the
high-quality requirements and relatively low resolution of seismic data
in many cases. (Lgseth et al., 2011; Ogiesba and Hammes, 2014; Sahoo
et al., 2021). Moreover Merever, effective source rocks are also
considered unconventional economic reservoirs, requiring greater res-
olution and accuracy in their description. Therefore, there is a pressing
need to develop a method that can precisely describe the spatial
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Fig. 1. (a) Location of the Fushan Depression (Liu et al., 2014). (b) Division of structural units in the Fushan Depression (Gan et al., 2020). (c¢) The contour map
showing strata thickness of the Liushagang Formation. (d) and (e) The sections showing the sequence stratigraphic and sedimentary evolutions of the Liushagang

Formation. MFS: maximum flooding surface.
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Table 1

Element content of the selected mudstone samples.

Well Sequence Depth (m) Mudstone types H/C o/C
Cl2x SQIs1-RST 2545.20 FDFM 1.11 0.11
Cl2x SQIs2-RST 3473.50 FDFM 1.19 0.06
Cc2 SQIs1-RST 2491.50 FDFM 1.29 0.10
HG5 SQIs3-RST 2732.00 SLM 0.95 0.09
HG5 SQIs3-RST 2733.50 SLM 1.11 0.11
J2x SQIs2-RST 3562.20 FDFM 1.08 0.04
M1 SQIs1-EST 2383.34 DFM 1.10 0.14
M1 SQIs3-EST 3169.48 DFM 1.08 0.07
M12ax SQIs3-EST 2660.00 DFM 1.12 0.10
M17x SQIs3-EST 3799.20 SDLM 1.26 0.04
M17x SQIs3-EST 3803.50 SDLM 1.28 0.04
Y10x SQIs1-EST 3499.70 TBFM 0.95 0.04
Y10x SQIs1-EST 3539.50 TBFM 0.90 0.05
Y1lx SQIs1-RST 3290.50 TBFM 0.93 0.06
Y1lx SQIs1-RST 3318.20 TBFM 0.98 0.06
Y11x SQIs1-EST 3649.30 SDLM 0.88 0.04
Y1lx SQIs1-EST 3654.90 SDLM 0.83 0.04
Y1lx SQIs1-EST 3707.80 SDLM 0.87 0.07
Y11x SQIs1-EST 3727.00 SDLM 0.95 0.07
Y13x SQIs1-RST 3586.66 TBFM 0.99 0.07
Y7x SQIs2-RST 3784.88 TBFM 0.85 0.05

Note: FDFM= Fan delta front mudstone; SLM= Shallow lake mudstone; DFM =
Braided river delta front mudstone; SDLM: Semi-deep lake mudstone; TBFM =
Turbidite fan mudstone.

distribution and quantity of effective source rocks using comprehensive
available data.

Combining sequence stratigraphy with geochemical analysis has
been suggested by several geologists as successful method for evaluating
marine source rocks (Peters et al., 2000; Makled et al., 2018; Kassem
et al., 2022; Diab et al., 2023). This is due to the regularity in distri-
bution and quality of marine source rocks within the sequence strati-
graphic framework (Lai et al., 2020a, 2020b). However, evaluating
lacustrine source rocks presents significant challenges due to the depo-
sitional process being heavily influenced by paleoclimate, paleoenvir-
onment, and frequent fluctuations in lake levels. (Thiry, 1989; Aziz
et al., 2003; Ribes et al., 2015). This leads to significant complexity,
variability, and heterogeneity in their occurrence and geochemical
properties. In addition, the multi-directionality of the provenance sys-
tem resulting from complex tectonic evolution further complicates the

Step 1:Data preparation, understanding sedimentary
facies evolution, and classifying and evaluating
source rock types based on sedimentary facies.

Step 3:Establish the vertical and planar prediction
models of geochemical properties using geophysical
and statistical methods, constrained by organic
matter accumulation patterns.

Step 5:1dentify effective source rocks on the basis of
evaluation criteria and build their 3D geological
model.

oo
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study of effective source rocks. (Li et al., 2017; Zeng et al., 2022a).
Traditionally, it is believed that lacustrine effective source rocks are
mainly found in deep to semi-deep lakes and steep slope zones, while
they are absent from gentle slope zones due to shallow water not being
favorable to the preservation of organic matter (Qin, 2005). However,
recent studies have found that effective source rocks in certain areas are
pro-deltaic mudstones located in gentle slope zones, with higher hy-
drocarbon generation potential than previously thought (Lai et al.,
2020c; Liu et al., 2022).

Accurate characterization of reservoirs’ physical and fluid properties
through three-dimensional modeling has the potential to enhance pro-
duction efficiency and optimize resource recovery (Ali et al., 2022).
Similarly, employing three-dimensional modeling to assess the distri-
bution of source rock and its geochemical properties can facilitate pre-
cise estimations of resource volumes and predictions pertaining to

The TOC recovery coefficient (K) of argillaceous source rocks
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Fig. 4. TOC recovery equations for muddy source rocks of different kerogen
types (Pang et al., 2014).

Step 2:Geochemical data analysis to determine the
factors influencing their effectiveness and the
organic matter accumulation patterns.

Step 4:Predict the distribution of source rocks and
their geochemical properties based on the
spatiotemporal evolution of sedimentary facies,
and create 3D lithofacies models and property
models using Petrel software.

Step 6:Hydrocarbon generation and expulsion
simulation of effective source rocks using
PetroMod software.

Fig. 3. Workflow for predicting effective source rocks and hydrocarbon resources potential in lacustrine basins.
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Fig. 5. Variograms of different lithofacies in the major and minor directions.

hydrocarbon accumulation distribution. Facies modeling assumes
paramount significance in the characterization and comprehension of
subsurface reservoirs and source rocks (Alabert and Massonnat, 1990).
Presently, prominent techniques employed for simulating facies distri-
bution encompass Sequential Indicator Simulation (SISIM),

Object-based Modeling (OBM), and Multiple-Point Statistics (MPS)
(Alabert and Massonnat, 1990; Seifert and Jensen, 1999; 2000; Liu et al.,
2004; Al-Mudhafar, 2017). Each method possesses distinct advantages
and capabilities, empowering geoscientists and petroleum engineers to
effectively tackle diverse geological complexities. Rock property
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Table 2
Summary of all layers modeled in the PetroMod software.

Layer name Age at the Facies assignment PSE

top (Ma)
Neogene and 0 Conglomerate (60%) + Overburden
Quaternary Sandstone (40%) Rock
sediments
Erosion-T2 23.5 - -
SQwz1+SQwz2 25.5 Sandstone (85%) + Overburden
Shale (15%) Rock

SQwz3 30 Sandstone (70%) + Reservoir Rock
Shale (30%)

Erosion-T4 36 - -

SQIs1-RST 37 Extracted from the Source
Petrel project Rock

SQIs1-EST 38.5 Extracted from the Source
Petrel project Rock

SQIs2-RST 40 Extracted from the Source
Petrel project Rock

SQIs2-EST 42 Extracted from the Source
Petrel project Rock

SQIs3-RST 44 Extracted from the Source
Petrel project Rock

SQIs3-EST 47 Extracted from the Source
Petrel project Rock

SQch 49 Sandstone (95%) + Underburden
Shale (5%) Rock

Basement 65 Granite (150 Ma old) Base Model

Note. -: the parameter is not set. PSE: petroleum system element.

Table 3

Summary of input parameters for intrusion modeling.
Input parameters Units Values
Facies - Volcanic
Intrusion lithotype - Gabbro
Age (Ma) 31.4
Intrusion temperature Q) 980
Solidus temperature Q) 600
Magma density (kg/m3) 2650
Magma thermal conductivity (W/m/K) 3
Magma heat capacity (kcal/kg/K) 0.18
Crystallization (MJ/m3) 2

modeling endeavors to numerically simulate and model the physical
attributes of rocks, such as porosity, permeability, saturation, and rock
density. Sequential Gaussian Simulation (SGSIM) is a statistical-based
stochastic simulation technique that accounts for the spatial vari-
ability of rock properties and the intricate nature of geological structures
(Journel and Alabert, 1990; Ali et al., 2022). It is well-suited for simu-
lating the spatial distribution of TOC.

The Fushan Depression, located in the South China Sea, is a Cenozoic
lacustrine rift depression and is known for its abundant hydrocarbon
resources. (Li et al., 2008). Previous studies estimated the total volume
of effective source rocks in this region to be around 1775 km?, with the
second member of the Eocene Liushagang Formation being the main
source layer for hydrocarbon generation (Zhang et al., 2012; Chen et al.,
2015; Gan et al., 2020; Zeng et al., 2022b). However, the findings based
on conventional methods are imprecise, leading to overestimation of
resources and improper well placement. To address this issue, we pro-
pose a method that combines geochemical data, geophysical techniques,
sedimentological theory, and statistical analysis for 3D geological
modeling of effective source rocks in the Fushan Depression. By accu-
rately identifying and quantifying effective source rocks, this method
can help optimize well deployment and improve hydrocarbon resource
evaluation, ultimately contributing to more efficient and sustainable
exploration. This is a generally applicable method for the investigation
of effective source rocks that can be used in other lacustrine basins.

Geoenergy Science and Engineering 228 (2023) 211955
2. Geological setting

The Fushan Depression is a hydrocarbon-rich rift sub-basin situated
in the southern margin of the Beibuwan Basin, spanning an area of about
2920 km? (Fig. 1a) (Li et al., 2008; Liu et al., 2014). It is bounded by the
Lingao, Ding’an, and Changliu faults to the northwest, south, and
northeast, respectively. Due to multi-phase tectonic movement, the
Fushan Depression has been divided into three structural units from
north to south: the northern step-fault zone; the central structural zone,
and the southern slope zone (Fig. 1b) (Liu et al., 2015). Separated by the
Huachang transition zone, the central structural zone is further divided
into two independent sags (namely the Bailian Sag in the east and the
Huangtong Sag in the west). The Meitai, Hongguang, and Bailian areas
in the slope zone, the Chaoyang and Jinfeng areas in the step-fault zone,
and the Yong’a and Huachang areas in the central sag zone are the
principal hydrocarbon-bearing regions in the Fushan Depression.
(Fig. 1b).

Over 9000 m of continental sediments have been deposited in the
Fushan Depression, with the sedimentary formations including the
Changliu Formation in the Paleocene, the Liushagang Formation in the
Eocene, the Weizhou Formation in the Oligocene, and the Neogene
strata (Fig. 2a) (Li et al., 2008). This study focuses on the Liushagang
Formation (500-2000 m thick) (Fig. 1c), which is the major
hydrocarbon-generating bed and reservoir in the Fushan Depression
(Zeng et al., 2022b). The Liushagang Formation is comprised of three
members (Els3, Els2, and Els1), which correspond to three third-order
sequences (SQIs3, SQls2, and SQIls1) (Fig. 2a) (Ma et al., 2012). Two
system tracts, i.e. the expanding system tract (EST) and the regressive
system tract (RST), can also be identified in each sequence depending on
the variations observed in natural gamma logging and the stacking
patterns that indicate retrogradation or progradation (Fig. 2b). The
Liushagang Formation is made up of lacustrine sediments with deltaic
deposits, as reported by Li et al. (2017). A large-scale braided river delta
originating from the southern provenance was identified in the slope
zone, while fan delta facies were deposited in the step-fault zone.
Lacustrine facies and turbidite fans comprising dark mudstones and
siltstone interbeds were mainly formed in two sags (Liao et al., 2015).
The sequence division and sedimentary evolution of the Liushagang
Formation are shown in Fig. 1d and e.

3. Data and methods
3.1. Data base

This study utilized geochemical data from 196 source rock samples,
encompassing measurements of TOC content, S;, Sy, HI (hydrogen
index), and Tpayx (temperature at maximum pyrolysis yield) (from Zeng
et al., 2022a). The vitrinite reflectance (Ro) data of 41 mudstone sam-
ples from various tectonic units were obtained from Zeng et al. (2022b)
and Gan et al. (2020). Elemental analysis of organic matter was con-
ducted using an elemental analyzer, with the results summarized in
Table 1. Additionally, well data from 61 wells were collected, including
well tops, well paths, and logging data (gamma-ray, resistivity, and
sonic logs) as well as check shots. The well locations are illustrated in
Fig. 1lc. Seismic data from a 3D survey were utilized for geological
modeling, while maps of the depositional facies and the mudstone to
stratum thickness ratio (M/S ratio) isolines were obtained from the
Southern Oil Exploration and Development Company, PetroChina.

3.2. Workflow

Organic matter accumulation patterns are controlled by productivity
and preservation conditions within various sedimentary facies, which
significantly contributes to the heterogeneous distribution of effective
source rocks (Pedersen and Calvert, 1990; Sageman et al., 2003; Mort
et al., 2007). To improve the accuracy of prediction results, this study
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used facies-controlled modeling to enhance the correlation between
geophysical techniques and geological theory. The organic matter
accumulation patterns of source rocks in various sedimentary environ-
ments are derived from Zeng et al. (2022a). The workflow for predicting
effective source rocks and hydrocarbon resource potential is shown in
Fig. 3.

3.3. Estimation and recovery of TOC content

In this research, we utilized a logging-based model to estimate the
total organic carbon (TOC) content in the frequently alternating sand-
stone and mudstone formations of the Fushan Depression. Surface fitting
techniques were employed to adapt the model to the lacustrine envi-
ronment, enabling accurate evaluation of the vertical variations in TOC
content (Zeng et al., 2021). TOC curves were computed for 61 wells and
then used to estimate initial TOC contents using the TOC recovery
equations proposed by Pang et al. (2014), which were based on the
characteristics of hydrocarbon source rocks in numerous lacustrine ba-
sins in eastern China (Fig. 4). Vitrinite reflectance (Ro) curves were
generated using the numerical correlation between Ro values and
depths. Furthermore, to better understand the planar distribution of
organic matter, the study utilized the numerical relationship between
TOC contents and the M/S ratios for quantitative assessment (Zeng et al.,

2022a). This approach helped to provide constrained trends for
modeling geochemical properties.

3.4. Static 3D stratigraphic modeling

The facies-controlled modeling approach involves interpolating
petrophysical parameters, such as porosity and permeability on the basis
of the sedimentary facies type (Seifert and Jensen, 2000; Li et al., 2006;
Zhang et al., 2008; Radwan et al., 2022; Abdullah et al., 2022; Abdel-
maksoud and Radwan, 2022; Ali et al., 2022), as the expected value and
variance of these parameters vary with different facies types. In this
study, we sought to verify the applicability of facies-controlled modeling
to geochemical parameters, specifically the TOC content, using
measured data. The facies-controlled modeling process consists of three
main components: structural modeling, source rock framework (lith-
ofacies modeling), and geochemical property modeling. To perform 3D
geological modeling, the following steps were taken: (1) Auditing and
quality checking of logging information and seismic data. (2) Integration
of seismic data interpretation, including seismic-to-well ties, horizons
(top and bottom surfaces of different system tracts of the Liushagang
sequences), and fault modeling, to build two-way time (TWT) surfaces,
which were then converted to depth surfaces using an advanced velocity
model. Structural modeling was obtained after fault modeling, pillar
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Fig. 8. 3D structural model showing horizons and major faults of the Liushagang Formation in the Fushan Depression. The scope of the model is illustrated in Fig. 1.

gridding, and formation extraction. Each system tract unit was further
divided into dozens of sublayers, with 10-30 m thickness, to improve
vertical accuracy, (3) Definition of sedimentary facies characteristics,
lithofacies classifications (Sandstones and different types of mudstones),
and upscaling based on core data, lithology logging data, and regional
depositional settings (Ma et al., 2012; Liao et al., 2015; Li et al., 2017)
(Fig. 2b). The identification criteria for different lithofacies can be found
in Section 4.1. A 3D distribution model of lithofacies was established
using Sequential Indicator Simulation (SISIM) based on data analysis,
with manual adjustments made according to geological theories and
sedimentary facies research achievements. In this study, the vertical lag
distance was assigned as cell thickness, with the major direction being
the provenance direction. The modeled indicator variograms of different
lithofacies are shown in Fig. 5. Considering the validity of the model, we
selected 56 wells as model wells and 5 wells located in different posi-
tions as validation wells. Based on data analysis, we performed 20
simulations using SISIM and selected the model that best matched the
expected outcomes as the final result. (4) Thermal maturity and initial
TOC content modeling were carried out to establish the geochemical
property model. A thermal maturity model was established based on the
mathematical correlation between Ro value and depth. Furthermore, by
fitting the variograms of TOC for various lithofacies, a TOC content
model was developed using Sequential Gaussian Simulation (SGSIM) in
alignment with the facies model. The modeling process incorporated the
spatial distribution trend obtained in Section 3.3 as a constraint. The
validation methods for assessing the effectiveness of the model are
consistent with Step 3. All modeling steps were implemented using the
Petrel software (version 2018) from Schlumberger.

3.5. Dynamic hydrocarbon generation and expulsion simulation

Basin and Petroleum System Modeling (BPSM) is a robust method-
ology that can be employed to examine the temporal and spatial evo-
lution of sedimentary basins, enabling the analysis of hydrocarbon
generation, expulsion, migration, accumulation, and preservation (Pe-
ters et al., 2012; Zeinalzadeh et al., 2015). In this study, simulation and
calculation processes were conducted using the PetroMod software
(from Schlumberger; version 2016), following the procedures described
by Allen and Allen (2015) and Ruggieri et al. (2022). (1) Geological

models, including structural models, fault systems, lithofacies models,
and initial TOC content models, were extracted from the Petrel project.
The age assignment and petroleum system elements are presented in
Table 2. The erosion thickness was defined vertically by the interval
transit-time approach and regionally by the interpolation method,
respectively (Magara, 1976). (2) Since this study focused on hydrocar-
bon generation and expulsion, facies petrophysical properties such as
porosity and permeability were assigned using empirical values from the
software. (3) Source rock parameters, including hydrogen index (HI)
and organic matter type were assigned based on experimental data
(Zeng et al., 2022a), using a HI of 300 mg HC/g TOC, a type II kerogen,
and a kinetic model from the PetroMod catalog (Burnham, 1989 T-1I),
which corresponds to general type II kerogens. Organic maturity was
calculated overlying EASY %Ro model of Sweeney and Burnham (1990).
(4) The main boundary conditions of BPSM, such as paleo water depth
(PWD), sediment water interface temperature (SWIT), and heat flow
(HF), were determined. The PWDs for each system tract unit were
assigned based on the different depositional environments (Chen et al.,
2002). The SWITs were calculated according to the global mean tem-
perature at sea level reported by Wygrala (1989) for the latitude of 20°
in Eastern Asia. Six wells from different tectonic units were selected as
representative locations for 1-D BPSM to reconstruct the burial and
thermal history and obtain Paleo-heat flows, corrected by Ro values
(Tawfik et al., 2022; Hakimi et al., 2022). Planar heat flow maps at
critical geological times were drawn using the interpolation method. (5)
The faults were set to “open” only during the hydrocarbon charging
period (Wang et al., 2022). (6) The emplacement of igneous intrusions
within host rocks is commonly regarded as an instantaneous process
(Bruce and Huppert, 1990). The intrusion model parameters were
assigned according to the values shown in Table 3 (Friedmann et al.,
1981; Monreal et al., 2009; Liu et al., 2017).

4. Results
4.1. Classification of mudstone types
For the study area, we identify six distinct types of probable source

rocks (mudstones) within the Liushagang Formation based on their
sedimentary characteristics. The lithological and logging characteristics
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of each source rock are described in detail below. (1) Deltaic plain with low amplitude (Fig. 6d). (5) Fan delta front mudstones (FDFM)

mudstones (DPM) were deposited in braided river delta plain environ- were formed in the step-fault zone with a fan deltaic depositional
ments and are locally distributed in the southern part of the study area. paleoenvironment. They are repeatedly stacked with sandstones and
These mudstones are characterized by thin maroon- or light green- conglomerates in the vertical direction and have medium-to low-
colored interbeds in major deltaic sandstones, which can be identified amplitude serrated bell- or box-shaped GR curves (Fig. 6e). (6) Turbidite

by the medium amplitude box-shaped natural gamma ray (GR) logging fan mudstones (TBFM) were formed in the central part of the depression
curves and the basal scour structures of the cores (Fig. 6a). (2) Deltaic with a relatively deep-water environment. They are characterized by
front mudstones (DFM) originated in braided river delta front environ- dark massive mudstones with sandstone intervals and thin, finger-
ments and are widely distributed in the slope zone. They are light grey shaped GR curves. Primary identification indicators of cores are the
and have bell- or funnel-shaped GR curves (Fig. 6b). (3) Shallow lake Bouma sequence and the slump deformation structure (Fig. 6f).

mudstones (SLM) were deposited in lacustrine shallow-water environ-
ments and consist of grey-colored muddy or silty deposits interspersed
with fine-grained sandstones. Their GR curves generally show a finger
shape (Fig. 6¢). (4) Semi-deep lake mudstones (SDLM) were formed in
lacustrine deep-water environments and consist mainly of thick dark
mudstones with occasional siltstone interbedding. The GR curve is linear

4.2. Geochemical characteristics of various mudstones
TOC content is a common index to assess the organic matter richness
of source rocks (Tissot and Welte, 1984). However, since the TOC con-

tent in source rocks can be reduced due to hydrocarbon generation, it is
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Fig. 13. Fitting between Ro values and corresponding depths of representative wells in different structural units.

necessary to convert current TOC values to initial TOC values before
evaluation and modeling. In this study, a box plot describing the
dispersion of a set of data was used to evaluate the distribution and
stability of TOC content (Fig. 7a). The TOC values for the six types of
mudstone samples in the study area range from 0.35% to 2.51%, with an
average of 1.51%. SDLMs exhibit the highest abundance of organic
matter, with TOC values ranging from 1.32% to 2.51%, an average of
1.80%, and a median of 1.78%. The SLMs have a limited range of TOC
values (1.3%-1.55, average 1.48%, median 1.51%) owing to steadily
improving preservation conditions and a corresponding reduction of
terrigenous organic matter (Zeng et al., 2022a). DFMs, FDFMs, and
TBFMs have moderate organic matter richness, with TOC contents
varying widely from 1.28% to 1.70%, 0.52%-2.07%, and 0.82%-2.13%,
respectively, with averages of 1.48%, 1.36%, and 1.39%. Organic matter
is observed to be less abundant in DPMs, with TOC values predomi-
nantly <1%, indicating a poor hydrocarbon generation potential. In
summary, the TOC content distribution of each type of mudstones
conforms to the normal distribution, proving the feasibility of
facies-controlled modeling for TOC contents (Fig. 7c).

The kerogen type is another geochemical parameter that affects the
effectiveness of hydrocarbon source rocks (Tissot and Welte, 1984;
Hunt, 1979). In general, source rocks are distinguished as oil-prone,
mixed and gas-prone types, corresponding to type I, type II and type
III kerogens, respectively. In this study, the Rock-Eval pyrolysis pa-
rameters (HI and Tp,x) and organic element compositions were used to
classify kerogen types in this study (Bordenave et al., 1993; Peters,
1986). The cross-plots of HI versus Tpax and atomic H/C versus O/C
indicate that all types of mudstones are dominated by type II kerogens
with moderate HI values (Fig. 7b and d). As a result, it is concluded that
the source rocks of the Liushagang Formation have comparable hydro-
carbon generation kinetic characteristics, and the organic matter type
does not significantly affect the effectiveness of source rocks in com-
parison to TOC content and maturity. Thus, a unified kinetic model for
various mudstone types was defined for hydrocarbon generation
simulation.

4.3. 3D geological modeling

4.3.1. Structural model
A realistic high-resolution 3D structural model of the stratigraphy is
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essential for accurately locating source rocks and reservoirs (Khattab
et al., 2023). Seven major faults, namely Lingao Fault, Changliu Fault,
Meihua Fault, Lianhua Fault, Yong’an Fault, Bohou Fault, and Nanxiepo
Fault, were defined in the structural model by synthesizing and editing
“Key Pillars” as illustrated in Fig. 8. These faults are mainly oriented
perpendicular to the major provenance direction (W-E and SW-NE) and
have a significant influence on the deposition of the study area. The
stratigraphic horizons were loaded into a 3D grid, each one with a cell
size measuring 200 m x 200 m. Using this model, the volumes of
SQIs3-EST, SQIs3-RST, SQIs2-EST, SQIs2-RST, SQIs1-EST, and
SQIs1-RST were calculated as 311.45 km®, 327.50 km?, 209.74 km?,
257.20 km®, 245.96 km®, and 238.78 km?, respectively.

4.3.2. Facies model

A 3D lithofacies model comprising sandstones, DPMs, DFMs, SLMs,
SDLMs, FDFMs, TBFMs, and volcanic rocks was constructed to distin-
guish between probable source rocks and reservoir rocks and facilitate
further geochemical property modeling. Sandstones were found to be
abundant in SQIs3-EST, SQIs3-RST, SQIs1-EST, and SQIs1-RST, ac-
counting for 39.08%, 38.82%, 38.78% and 41.45% of the volumes,
respectively, corresponding to the periods of relatively medium to low
lake level (Li et al., 2014). Note that the distribution of sandstones
clearly reflects the morphology of deltaic distributary channel
(Fig. 9a—f). DPMs were predominantly deposited in low-lying areas be-
tween major channels, with volume percentages always less than 6.5%
within different system tract units (Fig. 9a—f). The content of DPMs is
constrained by the scale of the braided river delta, resulting in a
significantly greater volume proportion in SQIs3 (22.31%-26.18%)
compared to SQIs2 (12.49%-16.39%) and SQlsl (10.43%-12.84%)
(Fig. 9a—f). SLMs, FDFMs and TBFMs occurred in slope fracture belts,
step-fault zones and central sags, respectively, with volume percentages
ranging from 3.11% to 6.61%, 4.59%-14.72%, and 1.65%-6.61%
(Fig. 9a—f). SDLMs were prevailingly deposited in SQls2 due to the
expanding lake, with volume percentages higher than 40%, while they
were only distributed in the central sags in SQls1 and SQls3, with vol-
ume percentages ranging from 17.86% to 23.30% (Fig. 9a—f). Further-
more, the vertical lithofacies distribution is presented in the fence
diagram in Fig. 9g.
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Fig. 14. Maturity models showing the thermal evolution of hydrocarbon source rocks in the Liushagang sequences. The scope of the model is illustrated in Fig. 1.

4.3.3. Geochemical properties model

Geochemical properties modeling involved assigning TOC values and
maturity information to the source rock framework constructed in the
lithofacies modeling. To produce a more reliable model of TOC content,
the sequential indicator simulation was constrained by the trend of the
TOC planar distribution. The M/S ratios and mean TOC contents of
different sequences and mudstone types were calculated to quantita-
tively evaluate the areal distribution of organic matter (Fig. 2b).
Mathematical formulas were established between the TOC content and
M/S ratio for different tectonic units, which indicated that the TOC
content of mudstones increased in a stepped way with the increasing M/
S ratio in the slope zone, whereas it increased exponentially in the step-
fault zone, consistent with the organic matter accumulation pattern of
the Liushagang Formation (Fig. 10) (Zeng et al., 2022a). Contour maps
of the areal TOC content, determined by the plane of M/S ratios and the
prediction formulas, were generated, indicating higher TOC content
values in the central and northern regions compared to the southern part
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(Fig. 11). 3D TOC content models of different system tracts were also
presented, demonstrating an increasing trend of the TOC content toward
the lake center, with greater organic matter primarily localized in the
northern regions of the Fushan Depression in SQIs3-RST, SQIs2-EST, and
SQIs2-RST (Fig. 12).

Six mathematical formulas were utilized to establish a relationship
between the Ro values and corresponding depths for six distinct tectonic
units to assess the thermal maturity of the source rocks (Fig. 13). The
depths at which hydrocarbon generation commences were estimated for
the Meitai, Hongguang, Chaoyang, Yong’an, Bailian-Jinfeng, and Hua-
chang regions as 2750 m, 2350 m, 2550 m, 2250 m, 2225 m, and 2525
m, respectively. Subsequently, the maturity models were established
using these formulas along with the computational tool in Petrel soft-
ware (Fig. 14). The study concludes that the source rocks in the
Huangtong Sag and the Bailian Sag have attained the mid-mature
(0.7%-1.0% Ro) and late-mature (>1.3% Ro) stage, respectively,
while the occurrence of mature source rocks is scarce in the southern
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Fig. 15. (a) Schematic diagram for identifying the lower limit of TOC in effective source rocks (after Zhu et al., 2021). (b) Hydrocarbon generation potential index
profile in the Fushan Depression (after Pang et al., 2005). (c) Diagrammatic identification of the effective source rocks of the Liushagang Formation (after Huo et al.,
2012). Qp: amount of hydrocarbon generated. Qe: amount of hydrocarbon expelled. Qr: amount of residual hydrocarbon in the source rock.

slope zone.
5. Discussion
5.1. Identification and distribution of effective source rocks

5.1.1. Identification criteria

Effective source rocks are generally recognized according to the
hydrocarbon generation and expulsion capacity of source rocks in each
region (Pang et al., 2005; Zhu et al., 2021). Since this study aims to
macroscopically distinguish effective and ineffective source rocks rather
than obtaining accurate hydrocarbon generation and expulsion param-
eters, statistically based plots are used to determine the lower limit of
organic carbon abundance and the threshold of hydrocarbon expulsion.
In addition, hydrocarbon source rocks with different organic matter
types are not discussed separately, as type II kerogens significantly
dominate the mudstones of the Liushagang Formation (Fig. 7b and d).

The pyrolysis parameter S; represents the content of residual hy-
drocarbons within the source rock, indicating the amount of hydrocar-
bon generation when there is no expulsion. The hydrocarbon index (S;/
TOC) denotes the amount of residual hydrocarbons per unit of organic
matter. In conditions involving similar types of organics, the amount of
hydrocarbon generation generally increases with TOC. When the TOC is
greater than the lower limit, hydrocarbons in the source rocks are
expelled after filling the pores, resulting in a deviation from the original
envelope line of maximum hydrocarbon production (Zhu et al., 2021).
The lower limit of TOC content in the effective source rocks is deter-
mined to be 1.5% according to the schematic diagram (Fig. 15a).

The hydrocarbon generation potential index (Pg= (S1+S2)/TOC)
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refers to the quantity of volatile and pyrolytic hydrocarbons produced
per unit of organic matter. Since the hydrocarbon generation process
follows the principle of material balance, whereby the mass of organic
matter in source rocks remains constant before and after hydrocarbon
generation and expulsion (Pang, 1995). The expulsion threshold of hy-
drocarbons corresponds to the inflection point where the envelope curve
of Py begins to decline in the P and Ro relational graph (Pang et al.,
2005). As a result, 0.5% Ro is defined as the expulsion threshold for
identifying effective source rocks (Fig. 15b). For source rocks that meet
the hydrocarbon expulsion threshold and the lower limit of organic
matter abundance, TOC values decrease with increasing maturity
(Fig. 15¢) (Huo et al., 2012). In addition, when igneous rocks intrude
into the early diagenetic stage of source rocks, they can heat and pro-
mote hydrocarbon generation in surrounding rocks up to 1-2 times the
thickness of the intrusion (Simoneit et al., 1978; Othman et al., 2001).
This study also identifies organic-rich mudstones (TOC>1.5%) adjacent
to intrusive rocks with a thickness 1.5 times greater than the intrusion as
effective source rocks.

5.1.2. Spatial distribution of effective source rocks

By integration structural models, lithofacies models, geochemical
attribute models, and identification criteria, the effective source rocks
are filtered and finely delineated in the Petrel software (Fig. 15). These
rocks are further categorized into effective oil source rocks (TOC>1.5%,
0.5 < Ro<1.3%, type II kerogen) and effective gas source rocks
(TOC>1.5%, Ro>1.3%, type II kerogen) based on their maturity, which
allows for the identification of the favorable exploration areas for oil and
gas, respectively (Tissot and Welte, 1984). The volume of effective
source rocks is calculated by counting the number of grids, while
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Fig. 17. (1) Burial and thermal histories of the well C12x. (2) Paleo-heat flows of six representative wells obtained by 1D-BPSM.

low-permeability rocks such as mudstones and volcanic rocks are
considered cap rocks.

The southern slope zone is found to lack effective oil source rocks due
to their shallow burial depth. However, effective oil source rocks are
present in approximately 8-10 km wide strips to the south of the Meihua
and Lianhua Faults in SQ3-EST, SQ3-RST, and SQ2-EST, with volumes of
46.13 km®, 58.69 km®, and 55.43 km?, respectively (Fig. 16a—c). During
the depositional period of SQ2-RST, the Hainan Uplift caused tension in
the Fushan Depression while the Huangtong Sag and the Bailian Sag
were formed in the north of the Meihua Fault and the Lianhua Fault,
causing the lacustrine depositional center to migrate northward. A large
amount of organic matter was preserved in the center of these two sags,
where it was transformed into effective source rocks through geological
thermal evolution. Consequently, effective oil source rocks of SQls2-
RST, SQIs1-EST, and SQIs1-RST mainly occurred in the northern part
of the Fushan Depression, with volumes of 74.00 km?, 49.86 km?, and
39.37 km®, respectively (Fig. 16d and e). Effective gas source rocks, on
the other hand, are limited to a small area of the northeast part of the
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Bailian Sag, with a total volume of 67.43 km? (Fig. 16), indicating that
the Fushan Depression is primarily an oil-bearing basin owing to its
moderate thermal evolution. The effective source rock volume derived
from this study (390.91 km3) is considerably smaller than that estimated
by Zhang et al. (2012) using conventional methods (1775 km?’). The
conclusion of this study is considered more accurate and scientifically
rigorous than that of the previous study. The vertical distribution of
effective source rocks is shown in the fence diagram (Fig. 16g), which
allows for direct observation of the spatial distribution of the primary
petroleum system elements, including source rocks, reservoirs, and cap
layers.

5.2. Hydrocarbon generation and expulsion potential of effective source
rocks

Reconstructing the burial and thermal histories of source rocks is a
crucial step in understanding hydrocarbon generation history. As
depicted in Fig. 17a, two major erosion events of the Fushan Depression
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Fig. 18. 3D results of the basin simulations for the hydrocarbon generation mass of different system tract units. The scope of the model is illustrated in Fig. 1.

occurred at the end of the Eocene and the Oligocene, respectively,
coinciding with the Zhuqiong Movement and the Nanhai Movement.
Heat flows across different tectonic units range from 40 to 70 mW,/m?.
They remained high until 30 Ma, gradually decreased during the
Oligocene and the Miocene, and increased again after 10 Ma (Fig. 17b).

Three-dimensional geological models depicting the hydrocarbon
generation mass within the sequence stratigraphic framework are pro-
vided in Fig. 18, indicating that SQIs2-EST, SQls2-RST, and SQIls1-EST
are the primary hydrocarbon generating layers with large effective
source rock kitchens. Fig. 19 records the amount of hydrocarbons pro-
duced by different sequences over geological time. The source rocks of
the Liushagang Formation exhibit two distinct hydrocarbon generation
stages of 40-25 Ma and 10-0 Ma, respectively (Fig. 19). Due to reduced
heat flow and tectonic uplift, hydrocarbon generation nearly ceased
during the 25-10 Ma (Fig. 17). Nevertheless, the hydrocarbon accu-
mulations found in the Paleogene sandstone reservoirs of the Fushan

Depression formed at a late stage (8-2 Ma) (Wang et al., 2022), indi-
cating that a significant amount of early-generated hydrocarbons were
either not preserved or have not yet been discovered. According to the
basin simulation results, the effective source rocks of SQ3-EST,
SQ3-RST, SQ2-EST, SQIls2-RST, SQIs1-EST, and SQIs1-RST generated
852.45 megatons, 951.36 megatons, 1478.19 megatons, 1820.32
megatons, 1748.25 megatons, and 611.35 megatons of oil, respectively,
with corresponding expulsion mass of 846.04 megatons, 943.16 mega-
tons, 1464.97 megatons, 1799.9 megatons, 1727.81 megatons, and
597.23 megatons (Fig. 19a). In contrast, natural gas is relatively scarce
in the Fushan Depression, with 190.27 billion m®, 213.34 billion m?,
337.91 billion m®, 515.48 billion m? 398.16 billion m® and 134.98
billion m® produced by the system tract units from bottom to top,
respectively (Fig. 19b). The corresponding natural gas expulsion vol-
umes are 187.17 billion rn3, 209.57 billion m3, 331.97 billion m3,
508.24 billion m?, 391.88 billion m3, and 131.12 billion m®. Therefore,

18



B. Zeng et al.

Geoenergy Science and Engineering 228 (2023) 211955

Paleogene

Neogene Quat|

Paleocene | Eocene

Oligocene

Miocene Plio/| Plei.

(a)

SQIs1-RST
SQIs1-EST
SQIs2-RST
SQIs2-EST
SQIs3-RST
SQIs3-EST
Generation curve

Expulsion curve

heated by intrusive
volcanic rocks

2000

1500

Oil mass (Mtons)

60 50 40
Time (Ma)
Paleogene Neogene Quat
Paleocene | Eocene | Oligocene Miocene Plio Plei.
——— SQIsI-RST 500
(b) SQIsI-EST o~
—— SQIs2RST === g
——— SQIs2-EST heated by intrusive 400 o
volcanic rocks ]
——— SQIs3-RST _ =
SQIs3-EST = =
——— Generation curve — 300 e
————— Expulsion curve — 0]
== 200 =
>
= 1]
=" <
= 100 O
0
60 50 40 30 20 10 0
Time (Ma)

Fig. 19. Hydrocarbon generation and expulsion mass in different system tracts with geological time.

we can infer that most of the hydrocarbons generated by the effective
source rocks are expelled due to the complex fracture system and the
repeated superimposed carrier layers and source beds.

5.3. Implication for hydrocarbon exploration

This study presents a quantitative re-evaluation of the effective
source rocks and hydrocarbon resources potential of the Fushan
Depression using a practical 3D geological modeling approach. We have
utilized comprehensive data, including logging curves, geochemical
data, and seismic surveys, to ensure the results are both rational and
scientifically sound. The distribution of effective oil and gas source
rocks, as well as proven hydrocarbon reservoirs, is presented in Figs. 20
and 21, respectively. A correlation is observed between reservoir loca-
tion and effective source rock distribution. According to previous
studies, the Liushagang Formation vertically displays a double-layered
structure, the upper and lower, characterized by the normal faults and
antithetic normal faults, respectively, separated by the thick mudstone
layer of SQIs2 and rigid igneous rocks, forming two complete petroleum
systems (Wang et al., 2014). The oil reservoirs in the lower tectonic layer
are primarily located in the slope zone (the Meitai, Hongguang, and
Bailian areas), supplied by the effective source rocks of SQIs3-EST,
SQIs3-RST, and SQIs2-EST. These reservoirs are capped by the thick
mudstone layer of SQIs2-RST and tightly surround the effective source

19

kitchen (Fig. 20a—c). Oil migrates laterally along the high permeability
sand bodies within the formation (Fig. 20a—c). In contrast, hydrocarbon
accumulation in the upper tectonic layer is mainly concentrated in the
central sag zone (the Yong’a and Huachang areas) and the fault-slope
zone (the Chaoyang area), owing to the abundant presence of effective
source rocks from SQIs2-RST and SQls1 (Fig. 20d-f). Oil mainly migrates
longitudinally along the faults (Fig. 20d-f). However, the hydrocarbon
source rocks in the slope zone are almost immature. The northeastern
Fushan Depression is characterized by a high concentration of effective
gas source rocks, resulting in the presence of a few natural gas reservoirs
(Fig. 21). In summary, the distribution of hydrocarbon accumulations is
primarily controlled by the occurrence of these effective source rocks,
which suggests favorable prospects for hydrocarbon exploration. These
findings establish a geological foundation for further research on
oil-source correlation, petroleum charging direction and distance, and
drilling deployment. Additionally, the 3D stratigraphic model developed
in this study is suitable for numerical simulation of petroleum migration
and accumulation.

Unconventional oil and gas reservoirs, including in-source lithologic
and frackable shale reservoirs, are increasingly attracting prospectors,
prompting them to expedite the exploration process. However, accu-
rately determining the distribution of effective source rocks is critical for
finding these reservoirs. To this end, the authors recommend a 3D
geological modeling approach to source rock evaluation, which
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Fig. 21. Distribution of effective gas source rocks and proven gas reservoirs within the sequence stratigraphic framework.

complements geochemical experimental data by precisely depicting the 5.4. The strengths and limitations of the workflow
location of effective hydrocarbon source rocks in space. As a result, the

central Huangtong Sag (specifically the Yong’an area) is considered a The workflow presented in this paper offers three advantages and
promising area for unconventional resources, as the thickness of effec- deviations when compared to prior literature. Firstly, instead of utilizing
tive source rocks exceeds 600 m. This study can serve as a reference for formations or members as the fundamental evaluation units, we place
future investigations on lacustrine source rocks in other petroleum- emphasis on the classification and assessment of lacustrine source rocks

bearing basins. based on sedimentary facies. This approach stems from the observation
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that source rocks within the same sedimentary environment exhibit
similar geochemical characteristics, thus enabling a more comprehen-
sive comprehension of oil-source correlations. Moreover, the spatial
distribution of sedimentary facies within the sequence stratigraphic
framework demonstrates a certain degree of predictability. Conse-
quently, this method allows for the prediction of source rock sub-
divisions and their corresponding geochemical properties. Secondly,
prior to predictions based on geophysics and mathematics, it is imper-
ative to analyze the patterns of organic matter accumulation in various
types of source rocks. This analysis provides geological constraints that
enhance the accuracy of the results obtained. Thirdly, while previous
studies on three-dimensional geological modeling predominantly
focused on reservoirs and sand bodies, there has been limited quanti-
tative research on source rocks, including their precise locations and
volumes. In our proposed workflow, we advocate for the detailed
modeling and quantitative characterization of effective source rocks.
This is particularly significant in lacustrine basins where source rocks
exhibit strong heterogeneity. Furthermore, these source rocks possess
the potential to serve as unconventional reservoirs, necessitating accu-
rate positioning and quantification.

It is worth noting that the discussion of three sequences together in
this study is motivated by their overall similarity in paleoclimate and
paleoproductivity, with sedimentation acting as the primary controlling
factor for differential organic matter accumulation (Li et al., 2020; Zeng
et al., 2022a). However, when extrapolating to other lacustrine basins, it
may be necessary to have separate discussions if significant geological
events such as climate shifts or volcanic eruptions occur between
different sequences.

6. Conclusion

In conclusion, the identification and quantification of effective
source rocks are crucial for locating hydrocarbon exploration objectives
and optimizing well deployment. Conventional methods for investi-
gating effective source rocks have limitations in providing accurate and
precise information, particularly in lacustrine basins with high
complexity and heterogeneity. In this study, we demonstrate through
geochemical analysis that the TOC content of hydrocarbon source rocks
follows a normal distribution in different sedimentary facies, suggesting
a strong correlation between sedimentary facies and geochemical
properties. We present a 3D geological modeling approach for predicting
lacustrine effective source rocks and their hydrocarbon resource po-
tential based on facies-controlled modeling that integrates geophysical
techniques, geological theory, and geochemical data to overcome limi-
tations in sample quantity and location. Compared to previous litera-
ture, this approach offers several notable advancements. Firstly, it
incorporates a sedimentary facies-based classification and evaluation of
source rocks, enhancing the accuracy of characterization. Secondly,
mathematical modeling is constrained by considering organic enrich-
ment patterns, ensuring more reliable predictions. Lastly, the approach
emphasizes the three-dimensional modeling of effective source rocks,
moving beyond the conventional focus solely on reservoirs. These im-
provements collectively contribute to a more comprehensive and robust
methodology. The Fushan Depression, a Cenozoic lacustrine rift basin in
the South China Sea, is used as a case study to demonstrate the effec-
tiveness of this approach. The evaluation results show that the number
of effective hydrocarbon source rocks in the Fushan Depression is far less
than previously estimated and point out favorable areas for unconven-
tional resources, thus improving oil and gas resource assessments and
sustainable exploration. This approach has the potential to be applied in
other lacustrine basins and greatly benefit the petroleum and natural gas
industry.
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